An optimal motion planning method of 7-DOF robotic arm for upper limb movement assistance by Liu, Z et al.
This is a repository copy of An optimal motion planning method of 7-DOF robotic arm for 
upper limb movement assistance.
White Rose Research Online URL for this paper:
http://eprints.whiterose.ac.uk/154169/
Version: Accepted Version
Proceedings Paper:
Liu, Z, Ai, Q, Liu, Y et al. (4 more authors) (2019) An optimal motion planning method of 
7-DOF robotic arm for upper limb movement assistance. In: 2019 IEEE/ASME 
International Conference on Advanced Intelligent Mechatronics (AIM). IEEE/ASME 
International Conference on Advanced Intelligent Mechatronics, AIM, 08-12 Jul 2019, 
Hong Kong. IEEE , pp. 277-282. ISBN 9781728124933 
https://doi.org/10.1109/AIM.2019.8868594
©2019 IEEE. Personal use of this material is permitted. Permission from IEEE must be 
obtained for all other uses, in any current or future media, including reprinting/republishing 
this material for advertising or promotional purposes, creating new collective works, for 
resale or redistribution to servers or lists, or reuse of any copyrighted component of this 
work in other works. 
eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/
Reuse 
Items deposited in White Rose Research Online are protected by copyright, with all rights reserved unless 
indicated otherwise. They may be downloaded and/or printed for private study, or other acts as permitted by 
national copyright laws. The publisher or other rights holders may allow further reproduction and re-use of 
the full text version. This is indicated by the licence information on the White Rose Research Online record 
for the item. 
Takedown 
If you consider content in White Rose Research Online to be in breach of UK law, please notify us by 
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request. 
 
 $EVWUDFW²$VVLVWLYH URERWLF DUP LV  FUXFLDO DOWHUQDWLYH
UHVRXUFH IRU SHRSOH GLVDEOHG RU LQMXUHG LQ WKH XSSHU OLPEV
ZKLFKHQDEOHWKHPWRFRPSOHWHEDVLFOLYLQJWDVNVLQGHSHQGHQWO\
7KXVDQH[WUHPHO\DFFXUDWHPRWLRQSODQQLQJ IRUURERWLFDUP
QHHGV WR EH DSSOLHG WR LPSURYH DVVLVWLYH SHUIRUPDQFH
5DSLGO\([SORULQJ5DQGRP7UHH6WDU557LVRQHRIWKHPRVW
UHSUHVHQWDWLYH PHWKRGV KRZHYHU WKLV PHWKRG KDV JUHDW
OLPLWDWLRQVGXHWRWKHWHGLRXVLWHUDWLRQSURFHVVZKLOHSODQQLQJ
,Q WKLV VWXG\ WKH SRWHQWLDOV JXLGH VDPSOLQJ EDVHGRQ 557
3*6557DSSURDFKLVLQWURGXFHGWKURXJKFRPELQDWLRQZLWK
DUWLILFLDO SRWHQWLDO ILHOGV $3) DV DQ H[SDQVLRQ RI 557
DOJRULWKP$UHYLVLRQRIUHSXOVLYHSRWHQWLDO IRUFH¶V IRUPXOD LQ
$3) KDV EHHQ DSSOLHG  LQWR VDPSOLQJ SURFHVV RI 557 7KH
VDPSOHV GXULQJ PRWLRQ SODQQLQJ LV JDWKHUHG WKURXJK WKH
RSWLPL]DWLRQ RI SRWHQWLDOV IRUPXODWLRQV 6SHFLILFDOO\ WKH EDVLF
SRWHQWLDO IXQFWLRQ JLYH HDFK VDPSOHDQRIIVHWRULHQWHG WR JRDO
([SHULPHQWV LQ ' DQG ' HQYLURQPHQWV DQG VLPXODWLRQV RQ
.8.$/%5LLZDSURYHWKDWWKH3*6557PHWKRGLVDEOHWR
ILQG DQ RSWLPDO SDWK LQ D VKRUW WLPH ZKLFK KLJKOLJKWV WKH
DSSOLFDWLRQ SURVSHFW RQ URERWV ZLWK D QXPEHU RI GHJUHH RI
IUHHGRP'2)LQSDWLHQW¶VGDLO\OLIHDVVLVWDQFH
, ,1752'8&7,21
5HFHQWO\DQLQFUHDVLQJQXPEHURISHRSOHKDYHJRWLQMXUHG
LQWKHLUXSSHUOLPEVGXHWRYDULRXVLQWHUQDODQGH[WHUQDOFDXVHV
VXFK DV LPSURSHU H[HUFLVH WUDIILF DFFLGHQWV VWURNHV HWF
UHVXOWLQJ LQ LQFRQYHQLHQFH RI XSSHU OLPEV PRYHPHQW >@
$VVLVWLYHUHKDELOLWDWLRQURERWVDUHRIJUHDWVLJQLILFDQFHWRKHOS
SHRSOH ZLWK GLVDELOLWLHV RU LQMXULHV LQ WKH XSSHU OLPEV WR
FRPSOHWH EDVLF OLYLQJ WDVNV 7KH '2) URERWLF DUP LV
FRPSHWHQW WR EH DQ DVVLVWLYH URERW WR ZRUN LQ FRPSOH[
HQYLURQPHQWVEHFDXVHLWVUHGXQGDQF\FDQVDWLVI\WKHGHPDQGV
RIWKHWDVNZLWKPRUHMRLQWFRPELQDWLRQV>@+RZHYHULW¶VD
IDWDO LVVXH WR ILJXUH RXW WKH REVWDFOH DYRLGDQFH DQG PRWLRQ

5HVHDUFK IXQGHG E\ 1DWLRQDO 1DWXUDO 6FLHQFH )RXQGDWLRQ RI &KLQD
XQGHU JUDQW  DQG ([FHOOHQW 'LVVHUWDWLRQ &XOWLYDWLRQ )XQGV RI
:XKDQ8QLYHUVLW\RI7HFKQRORJ\<6DOVRVXSSRUWHGE\WKH8.
(365&6WDQGDUG5HVHDUFK6FKHPHXQGHUJUDQW(36
=/LXLVZLWK6FKRRORI,QIRUPDWLRQ(QJLQHHULQJ:XKDQ8QLYHUVLW\RI
7HFKQRORJ\/XRVKL5RDG:XKDQ&KLQD]HPLQOLX#ZKXWHGXFQ
4$LLVZLWKWKH6FKRRORI,QIRUPDWLRQ(QJLQHHULQJ:XKDQ8QLYHUVLW\RI
7HFKQRORJ\/XRVKL5RDG:XKDQ&KLQDTLQJVRQJDL#ZKXWHGXFQ
</LXLVZLWK6FKRRORI,QIRUPDWLRQ(QJLQHHULQJ:XKDQ8QLYHUVLW\RI
7HFKQRORJ\/XRVKL5RDG:XKDQ&KLQD\DRMLHOLX#ZKXWHGXFQ
-=XRLVZLWKWKH6FKRRORI,QIRUPDWLRQ(QJLQHHULQJ:XKDQ8QLYHUVLW\
RI7HFKQRORJ\/XRVKL5RDG:XKDQ&KLQD]XRMLH#ZKXWHGXFQ
;=KDQJLVZLWK6FKRRORI,QIRUPDWLRQ(QJLQHHULQJ:XKDQ8QLYHUVLW\
RI7HFKQRORJ\/XRVKL5RDG:XKDQ[XH\HORQJ\LQ#ZKXWHGXFQ
: 0HQJ LV ZLWK WKH 6FKRRO RI ,QIRUPDWLRQ (QJLQHHULQJ :XKDQ
8QLYHUVLW\RI7HFKQRORJ\/XRVKL5RDG:XKDQ&KLQDDQGWKH6FKRRO
RI(OHFWURQLFDQG(OHFWULFDO(QJLQHHULQJ8QLYHUVLW\RI/HHGV/HHGV/6
-78.HPDLOZHLPHQJ#ZKXWHGXFQZPHQJ#OHHGVDFXN
6 ;LH LV ZLWK WKH 6FKRRO RI (OHFWURQLF DQG (OHFWULFDO (QJLQHHULQJ
8QLYHUVLW\RI/HHGV/HHGV/6-78.HPDLOVT[LH#OHHGVDFXN
SODQQLQJLQ'VSDFHIRUURERWDUPVZLWKDQXPEHURIGHJUHH
RIIUHHGRP>@
6DPSOHG EDVHG DOJRULWKPV DUH GHVLJQHG IRU VROYLQJ WKH
SDWKSODQQLQJSUREOHPIDVWHUZKLFKLVRFFXUULQJE\VDPSOLQJ
WKH FRQILJXUDWLRQ>@ 3UREDELOLVWLF 5RDG0DS 350 DQG
5DSLGO\H[SORULQJ5DQGRP7UHH 557DUH WKHPRVW W\SLFDO
VDPSOLQJEDVHGPRWLRQSODQQLQJDOJRULWKPV>@350LVD
PXOWLSOHTXHU\ SODQQHU ZKLFK DVVXPHV WKDW PDQ\ VROXWLRQV
FRXOG EH REWDLQ IRU D VDPH VLWXDWLRQ ZKHQ LW LQYROYHV KLJK
GLPHQVLRQDO FRQILJXUDWLRQ 350 ZRXOG PDNH WKH URDGPDSV
EHFRPHYHU\FRPSOH[DQGLWZRQ¶WEHVXLWDEOHIRUURERWDUP
PRWLRQSODQQLQJ>@$VDVLQJOHTXHU\SODQQHU557FRXOG
ZRUN QRUPDOO\ LQ KLJK GLPHQVLRQDO VSDFH RQH RI WKH
GUDZEDFNV RI 557 DOJRULWKP LV WKDW LW UDQGRPO\ VDPSOHV
DURXQG WKH ZRUNVSDFH VSHFLILFDOO\ LW FDQQRW JXDUDQWHH DQ
RSWLPDOSDWK>@
,Q RUGHU WR EUHDN WKURXJK WKH OLPLWDWLRQV RI 557
DOJRULWKP>@PDQ\DOJRULWKPVKDYHHPHUJHGLQUHFHQW\HDUV
557FRQQHFWXWLOL]HVDVLPSOHJUHHG\DOJRULWKPWKDWWULHVWR
FRQQHFWWZRWUHHVRQHIURPLQLWLDOFRQILJXUDWLRQDQGWKHRWKHU
IURPJRDO>@7UDQVLWLRQEDVHG5577557FRQVWUXFWV
DFRQWLQXRXVFRVWVSDFHVDQGPDNHWKHSODQQHUIROORZYDOOH\V
DQGVDGGOHSRLQWVWRVHDUFKORZFRVWVROXWLRQSDWKV>@557
LVDYDULDQWZKLFKLQFOXGHVWKHUHZLULQJSURFHVVLWUHQHZVWKH
H[SORULQJWUHHZKHQQHZQRGHVDUHDGGHGDQGHYHQWXDOO\WHQGV
WKH RSWLPDO VROXWLRQ 1HYHUWKHOHVV WKH HIIHFWLYHQHVV RI WKH
VROXWLRQ LV OLPLWHG E\ D JUHDW GHDO RI LWHUDWLRQV DQG ODUJH
PHPRU\ > @ $ UHYLVHG JDXVVLDQ GLVWULEXWLRQ VDPSOLQJ
VFKHPHLVDGGHGWR557WRELDVWKHVDPSOHSRLQWVWRLPSURYH
WKH FRQYHUJHQFH UDWH>@ 3RWHQWLDO *XLGHG 'LUHFWLRQDOL]HG
5573*'557 OHDGV UDQGRP VDPSOHV ZLWK DUWLILFLDO
SRWHQWLDO ILHOGV$3) WR VHDUFK JRDO TXLFNO\ FRPSDUHG WR
RULJLQDO557EXWLWFDQQRWJXDUDQWHHFRQYHUJHQFHWRRSWLPDO
SDWK >@ 3RWHQWLDO )XQFWLRQ %DVHG557 3557 DOVR
FRPELQHV $3) $OJRULWKP ZLWK 557 +RZHYHU LW RQO\
SUHVHUYHV WKH TXDGUDWLF YDULDWLRQ DQG GLVFDUG WKH VDPSOHV
FORVHGWRREVWDFOH>@
$V FRQFOXGHG IURP WKH SUHYLRXV VWXGLHV WKHUH DUH VWLOO
VRPHSUREOHPVWRDFFRPSOLVKWKHPRWLRQSODQQLQJRIURERWLF
DUP ,Q WKLV SDSHU DQ SRWHQWLDOV JXLGH VDPSOLQJ EDVHGRQ
5573*6557 DOJRULWKP WKURXJK PRGLILFDWLRQ RI WKH
DWWUDFWLYHDQGUHSXOVLYHSRWHQWLDOIXQFWLRQVLQEDVLF$3)DQG
DSSOLFDWLRQRIWKLVPRGLILFDWLRQLQWRWKHVDPSOLQJSURFHVVRI
557KDVEHHQSURSRVHGZKLFKOHDGVWKHVDPSOHVWRJHWFORVH
WR JRDO SRLQW $IWHU PRGLILFDWLRQ WKH VDPSOHV VFDWWHULQJ
DURXQG SUHYLRXV EHJLQ WR DSSURDFK WRZDUGV JRDO DQG WKH
H[SORULQJ WUHH REWDLQ D FOHDU WDUJHW WR JURZ EUDQFKHV
RWKHUZLVHDJUHDWGHDORIXVHOHVVEUDQFKHVZRXOGEHJHQHUDWHG
WRFDXVHODUJHFRQVXPSWLRQRIPHPRU\DQGWLPHDQGPDNHWKH
FRPSOLFDWLRQ RI SDWK 7KH UHVW RI WKH SDSHU LV DUUDQJHG DV
$Q2SWLPDO0RWLRQ3ODQQLQJ0HWKRGRI'2)5RERWLF$UPIRU
8SSHU/LPE0RYHPHQW$VVLVWDQFH
=HPLQ/LX4LQJVRQJ$L<DRMLH/LX-LH=XR;LRQJ=KDQJ:HL0HQJ0HPEHU,(((6KDQH;LH
6HQLRU0HPEHU,(((
 
)LJXUH3URJUDPGLDJUDPRI557
IROORZV6HFWLRQ,, LQWURGXFHVWKHEDVLF557DQGLWVZRUN
SURFHGXUHV  DQG6HFWLRQ ,,, UHYLVHVWKH DWWUDFWLYH DVZHOODV
UHSXOVLYH SRWHQWLDOV DQG DSSOLHV LW WR 557 WR JHW QHZ
3*6557 DOJRULWKP 6HFWLRQ ,9 SURYLGHV VWLPXODWLRQ DQG
H[SHULPHQWUHVXOWVRI3*6557DQG557LQ''DVZHOO
DV DSSOLFDWLRQ RQ.8.$ /%5 LLZD URERW DUP 6HFWLRQ9
FRQFOXGHVWKHSDSHUDQGRXWORRNVWKHIXWXUHZRUN
,, %$6,&5$3,'/<(;3/25,1*5$1'2075((67$5
$/*25,7+0
7KLVVHFWLRQLQWURGXFHVEDVLF5DSLGO\H[SORULQJ5DQGRP
7UHH 6WDU 557 DOJRULWKP ZKLFK JXDUDQWHHV DV\PSWRWLF
RSWLPDOLW\ LH LI WLPHLVDGHTXDWHDQRSWLPDOSDWKFRXOGEH
DOZD\VREWDLQHGWKURXJK557>@&RPSDUHGWRRULJLQDO
557DOJRULWKP557KDVDGGHGWZRSURFHGXUHVFDOOHG³1HDU
YHUWLFHV´ DQG ³5HZLUH´ ³1HDU YHUWLFHV´ PHDQV VHDUFKLQJ D
QXPEHU RI QHDUHVW QRGHV ZLWKLQ D FHUWDLQ UDGLXV RI D QRGH
³5HZLUH´ FDOFXODWHV WKH FRVW RI SDWK IURP GLIIHUHQW QRGHV
REWDLQHGLQ³1HDUYHUWLFHV´WRWKHQHZQRGHVRDVWRDFKLHYH
ORZHUFRVWSDWK>@7KHGHWDLOVDUHVKRZQLQ)LJ
557FUHDWHDH[SORULQJWUHHFDOOHG7FRQWDLQHGYHUWLFHV
DQGHGJHV UHSUHVHQWHGDV9 ( DQGQPHDQV WKHQXPEHURI
LWHUDWLRQ'XULQJWKHPDLQORRSˈILUVWO\DUDQGRPSRLQW UDQG[ 
ZRXOGEHDWWDLQHGLQREVWDFOHIUHHUHJLRQ IUHH; WKHQVHOHFWWKH
QRGH QHDUHVW[ LQH[SORULQJWUHH7FORVHVWWR UDQG[ DQGWKHWUHH
JHQHUDWHVDVPDOOVWHSD WRDFTXLUHQHZQRGH QHZ[ DORQJWKH
GLUHFWLRQIURP QHDUHVW[ WR UDQG[ 1H[WZHQHHGWRFKHFNLIWKLV
QHZQRGHZRXOGEUHDNLQWRREVWDFOHUHJLRQ,ILW¶VVDIHVHDUFK
D VHW RI QRGH QHDU; 7 ZLWKLQ D FLUFOH ZLWK D UDGLXV RI U
FHQWHUHG DW QHZ[  7KH QH[W VWHS LV FDOFXODWH WKH FRVW IURP
LQLWLDOQRGHWR QHZ[ SDVVLQJDOOQRGHV QHDU QHDU[ ; DQGVHOHFW
WKHVPDOOHVWRQHDVWKHSDUHQWQRGHDVZHOODVLQVHUWWKLVQRGH
WRH[SORULQJWUHHWKHQUHZLUHQHZQRGHWRLWVSDUHQWQRGH,I
WKHWUHHUHDFKJRDORUWKHLWHUDWLRQVLVUDQRXWWKHORRSZLOOVWRS
)LQDOO\ZHFRXOGREWDLQDSDWKIURPWKHJRDOSRLQWWRLWVSDUHQW
WRSDUHQWXQWLOWKHLQLWLDOQRGHDQHDURSWLPDOSDWKDSSHDUV
$FFRUGLQJWRWKHWKHRUHPSURRIHGE\.DUDPDQHWDO>@
557KDVWKHIHDWXUHRIDV\PSWRWLFRSWLPDOLW\ZKLFKPHDQV
WKH VROXWLRQ FRQYHUJH WR WKH JOREDO RSWLPXP +RZHYHU WKH
SUHFRQGLWLRQWRRSWLPDOLW\LVWKDWWKHWLPHVKRXOGEHDGHTXDWH
DQG WKH UXQQLQJPHPRU\ VKRXOG EH HQRXJK7KHUH LV XUJHQW
QHHGWRILQGDQDSSURDFKWRLQFUHDVHFRQYHUJHQFHVSHHG
,,, 327(17,$/6*8,'(6$03/,1*%$6('21
5$3,'/<(;3/25,1*5$1'2075((67$5
$OWKRXJKEDVLF557DOJRULWKPSRVVHVVDELOLW\WRILQGWKH
RSWLPDOSDWKWRJRDOSRLQWLW¶VFRQIURQWHGZLWKDVHYHUHLVVXH
WKDWDODUJHQXPEHURILWHUDWLRQVDQGPHPRU\ZLOOEHFRVWDQG
KLJK WLPHZLOO EHFRQVXPHGGXULQJWKLVDOJRULWKP%HFDXVH
WKH VDPSOLQJ SURFHVV LV UDQGRP WKH VDPSOH SRLQWV VFDWWHU
DURXQGZRUNVSDFH WR OHDG H[SORULQJ WUHH WRJURZ DORQJ WKH
GLUHFWLRQRIGLIIHUHQWVDPSOHVZKLFKFDXVHWKHWUHHWRH[SDQG
D JUHDW GHDO RI ³UHGXQGDQW´ EUDQFKHV ZKLFK RFFXS\ ODUJH
PHPRU\7KHUHIRUHZHKRSHDPHWKRGWKDWFRXOGJDWKHUWKH
VDPSOHVDURXQGJRDOSRLQWDW WKHVDPHWLPH WKHWUHHZRXOG
QRWEHKLQGHUHGE\REVWDFOHV%DVHGRQWKLVVXUPLVHZHUHYLVH
WKH EDVLF IRUPXOD RI $UWLILFLDO 3RWHQWLDO )LHOGV$3) DQG
XWLOL]H WKHQRWLRQ RI $3) WRJXLGH WKH VDPSOLQJ SURFHVVRI
557 WR IRUP D QHZ DOJRULWKP FDOOHG 3RWHQWLDOV *XLGH
6DPSOLQJ EDVHGRQ 5DSLGO\H[SORULQJ 5DQGRP 7UHH 6WDU
3*6557
$ 3RWHQWLDOV*XLGH6DPSOLQJ
$3)LVXVHG WRVHWWOHPRWLRQSODQQLQJRI ORZGLPHQVLRQ
URERWVEHFDXVHLWPD\VXIIHU ORFDOPLQLPXPSUREOHPV LH LW
PD\ EH WUDSSHG LQ D ORFDO PLQLPXP DQG FDQ¶W UHDFK JRDO
SRLQW> @ %HIRUH DSSO\ $3) WR VDPSOLQJ SURFHVV ZH
VKRXOG PDNH VRPH PRGLILFDWLRQV )LUVWO\ WKH DWWUDFWLYH
SRWHQWLDO RI WUDGLWLRQDO $3) LV FRPSRVHG RI TXDGUDWLF
FRPSRQHQWDQGFRQLFDOFRPSRQHQWDVVHHQLQHTXDWLRQ
 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7KHUH LV QR QHHG WR NHHS WZR FRPSRQHQWV OLNH $3)
EHFDXVH RYHUVKRRWLQJ ZRXOGQ¶W KDYH EHHQ D EXUGHQ WKH
DSSOLFDWLRQREMHFWRIDOJRULWKPEHFRPHVDPSOHIURPURERWDQG
WKH VDPSOH LV DOORZHG WR VXUSDVV JRDO SRLQW 7KH DWWUDFWLYH
SRWHQWLDOIXQFWLRQFDQEHH[SUHVVHGDV
      ;8 ; ; JDWW O U  
,Q(T  ; ; JU UHSUHVHQWVWKHGLVWDQFHRIVDPSOHWR
JRDO O LVWKHDWWUDFWLYHVFDOLQJIDFWRUVVFDOLQJWKHPDJQLWXGH
RI DWWUDFWLYH SRWHQWLDO )URP WKLV IRUPXOD ZH FDQ GUDZ D
FRQFOXVLRQ WKDW WKH SRWHQWLDO HQHUJ\ UHGXFHV DV WKH GLVWDQFH
IURPVDPSOHWRJRDOGHFUHDVHV6RWKHORZHVWSRWHQWLDOLQWKH
ZKROHZRUNVSDFHLVJRDOSRLQW7KHDWWUDFWLYHIRUFHFRXOGEH
DWWDLQHGWKURXJKWKHQHJDWHGJUDGLHQWRIDWWUDFWLYHSRWHQWLDOLQ
HTXDWLRQ
         DWW DWW ; ; J; ; J G) ; 8 ; G;
UUO     
7KHYDULDWLRQRIDWWUDFWLYHIRUFHLVVLPLODUWR  ;8DWW WKH
FORVHUWKHVDPSOHWRJRDOWKHIRUFHVPDOOHU,WPHDQVWKDWWKH
VDPSOHSRLQWIDUWKHUIURPJRDOQHHGWRPRYHDODUJHUGLVWDQFH
DORQJWKHGLUHFWLRQRIJRDO7KXVWKHVDPSOHVZLOODSSURDFK
FORVHWRJRDOUDWKHUWKDQVSUHDGLQWKHZKROHVSDFH
 
,QZRUNVSDFHWKLVIRUFHLVHQRXJKWRVDWLVI\WKHDVVXPHLQ
SUHIDFH RI WKLV VHFWLRQ EXW LI WKHUH DUH PDQ\ REVWDFOHV LQ
ZRUNVSDFH VDPSOHV PD\ JXLGH WKH WUHH WUDSSHG LQ REVWDFOH
UHJLRQ DQG FDQ¶W WXUQ EDFN WR ILQG QHZ SDWK WKH VLWXDWLRQ
EHFRPH FRPSOH[ ,Q EDVLF $3) WKH UHSXOVLYH SRWHQWLDO LV
UHSUHVHQWHGDV
 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
7KLV WUDGLWLRQDO PHWKRG FDQ¶W VROYH WKH ORFDO PLQLPXP
SUREOHPZHOOVRZHOHDGLQWRDYDULDEOHWKHGLVWDQFHRIVDPSOH
WRJRDOWR(TDQGZHFDQJHWDQHZUHSXOVLYHSRWHQWLDO
 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,Q(T   ; ;U LVWKHGLVWDQFHEHWZHHQVDPSOHDQG
REVWDFOH U LVWKHLQIOXHQFHUDGLXVRIREVWDFOHRQWKHVDPSOH
DQG O UHSUHVHQWV WKH UHSXOVLYH VFDOLQJ IDFWRUV VFDOLQJ WKH
PDJQLWXGH RI UHSXOVLYH SRWHQWLDO 6LPLODUO\ WKH UHSXOVLYH
IRUFH FRXOG EH REWDLQHG WKURXJK WKH QHJDWHG JUDGLHQW RI
UHSXOVLYHSRWHQWLDO
 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)URPHTXDWLRQZHFDQILQGWKDWREVWDFOHKDYHDQHIIHFW
UHJLRQ RQO\ LQ WKLV DUHD LV VDPSOH XQGHU WKH LQIOXHQFH RI
UHSXOVLYH SRWHQWLDO EH\RQG WKH DUHD UHSXOVLYH SRWHQWLDO
EHFRPHV ]HUR%HVLGHV DV VDPSOHJHWVFORVH WRREVWDFOH WKH
SRWHQWLDOHQHUJ\ZLOOLQFUHDVHVKDUSO\7KHIRUPXODVIROORZLQJ
H[SODLQ WKH UHSXOVLYH IRUFH VDPSOH VXIIHUV LQ HIIHFW UHJLRQ
$IWHUOHDGLQJLQWRWKHGLVWDQFHEHWZHHQVDPSOHDQGJRDOWKH
UHSXOVLYH LV VSOLW LQWR WZR SDUWV )LJ  VKRZ WKH GHWDLO
VLWXDWLRQVRIVDPSOH¶VIRUFHVXIIHULQJLQHIIHFWDUHD

)URPWKHIRUFHDQDO\VLVRIVDPSOHLQ)LJWKHUHSXOVLYH
IRUFHLVFRPSRVHGRIWZRFRPSRQHQWVIURPREVWDFOHDQGJRDO
UHVSHFWLYHO\ZKLFKLQVXUHWKHVDPSOHEUHDNDZD\IURPHIIHFW
UHJLRQ DQG JXLGH WKH QRGH DORQJ WKH GLUHFWLRQ E\SDVV WKH
REVWDFOHV DW D ODUJHU DQJOH 7KLV PRGLILFDWLRQ FRXOG PDNH
VDPSOH RXW RI REVWDFOH¶V HIIHFW UHJLRQ DQG DYRLG ORFDO
PLQLPXPSUREOHPVHIILFLHQWO\
% 3RWHQWLDOV*XLGH6DPSOLQJ%DVHGRQ557
$IWHU UHYLVLRQ RI DWWUDFWLYH DQG UHSXOVLYH SRWHQWLDO
IXQFWLRQVLQODVWVHFWLRQZHLQWURGXFHWKHQHZIXQFWLRQVLQWR
VDPSOLQJSURFHVVRI557$WWKHEDVLVRIRULJLQDO557ZH
DGGDSURFHGXUHULJKWO\DIWHUUDQGRPO\VDPSOLQJDQGIRUPD
QHZ DOJRULWKP FDOOHG 3RWHQWLDOV *XLGH 6DPSOLQJ %DVHGRQ
557 3*6557 )LJ  GHVFULEHV WKH SVHXGRFRGH RI
3*6557
$OJRULWKP,3VHXGRFRGHRI3*6557
  7 9 ( 
IRU   GRL Q 
B UDQG[ 5DQGRP 6WDWHm 
 SUDQG UDQG[ 3*6 [m 
  QHDUHVW SUDQG[ 1HDUHVW 7 [m 
  QHZ QHDUHVW SUDQG[ 6WHHU [ [ 
LI B  WKHQQHZ&ROOLVLRQ &KHFN [ 
B   QHDU QHZ; 1HDU 9HUWLFHV 7 [m 
PLQ B    QHDU QHZ[ &KRRVH 3DUHQW 7 ; [m 
PLQ   QHZ7 ,QVHUW1RGH 7 [ [m 
PLQ       QHZ9 ( 5HZLUH 9 ( [ [m 
   UHWXUQ 7 9 (m 
$OJRULWKP , VKRZ WKH SURFHVV RI 3*6557
SUDQG IUHH[ ;  UHSUHVHQWV QHZ VDPSOHV WKDW JXLGHG E\
SRWHQWLDOV LHQHZVDPSOHVZRXOGGHYLDWHSUHYLRXVSRVLWLRQ
DQG PDNH D VWHS DORQJ WKH GLUHFWLRQ RI DWWUDFWLYH SRWHQWLDO
GHFUHDVLQJDVWKHUDQGRPVDPSOHDSSURDFKHVJHWFORVHWRWKH
JRDO UHJLRQ ,Q WKLV QHZ PHWKRG SUDQG[ KDV WDNHQ SODFH RI
UDQG[ WRSHUIRUPWKHIROORZLQJSURFHGXUHV SUDQG[ FDOFXODWHG
WKURXJK3*6IXQFWLRQZKLFK LVDOVRFDOOHG3RWHQWLDOV*XLGH
6DPSOLQJ3ODQQLQJ
$OJRULWKP,,3RWHQWLDO*XLGH6DPSOLQJ3*63ODQQLQJ
  DWW JRDO UDQG8 $WWUDFWLYH3RWHQWLDO ; [m 
PLQ   UDQG REV'LVWDQFH2EVWDFOH [ ;U m 
PLQ LI WKHQU U 
   UHS REV UDQG JRDO8 5HSXOVLYH3RWHQWLDO ; [ ;m 
     DWW UHS) &RPSXWH 8 8O Om
)* 
HOVH 
  DWW) &RPSXWH 8 Om
)* 
SUDQG UDQG[ [ )m 
)* 
 SUDQGUHWXUQ [ 

)LJXUH)RUFHDQDO\VLVRIVDPSOHLQREVWDFOHHIIHFWDUHD
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D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E3*6557W VQ 
)LJXUH1HDURSWLPDOSDWKFRQGXFWHGE\557DQG3*6557LQD'
VSDFHWKHVHDUFKLQJVSDFHLVDVTXDUHWKHLQLWLDOSRVLWLRQLVDW
WKHJRDOSRVLWLRQDWWKHGHHSJUHHQUHFWDQJOHLVREVWDFOHVPDOO
PDUNHU
î
UHSUHVHQWVVDPSOLQJSRLQWDQGWKHEODFNOLQHGHVFULEHVWKH
UDSLGO\JURZLQJH[SORULQJWUHHWKHJUHHQLVWKHORZHUFRVWSDWKDIWHU
5HZLUHSURFHGXUHDQGWKHUHGSDWKUHSUHVHQWVWKHILQDOURXWH
          
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D557W VQ E3*6557W VQ 
)LJXUH1HDURSWLPDOSDWKFRQGXFWHGE\557DQG3*6557LQD'
VSDFHWKHLQLWLDOSRVLWLRQLVDWWKHJRDOSRVLWLRQDW
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D557W VQ E3*6557W VQ 
)LJXUH1HDURSWLPDOSDWKFRQGXFWHGE\557DQG356557LQD'
VSDFHWKHLQLWLDOSRVLWLRQLVDWWKHJRDOSRVLWLRQDW
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D557W VQ E3*6557W VQ 
)LJXUH1HDURSWLPDOSDWKFRQGXFWHGE\557DQG356557LQD'VSDFH
WKHLQLWLDOLVSRVLWLRQDWWKHJRDOSRVLWLRQDW
$OJRULWKP,,VKRZVWKHSURFHVVRI3*6IXQFWLRQZKLFKLV
VHWXSWKURXJKWKHDWWUDFWLYHDQGUHSXOVLYHIRUFHIRUPXODVLQ
ODVW VHFWLRQ 7KLV SURFHGXUH ILUVWO\ FRQVWUXFWV DWWUDFWLYH
SRWHQWLDO LQ HTXDWLRQ  DQG REWDLQV WKH PLQLPXP GLVWDQFH
PLQU  EHWZHHQ WKH VDPSOH SRLQW DQG WKH REVWDFOH 7KHQ
FRPSDUH WKHGLVWDQFH  PLQU DQG WKHHIIHFW UDGLXVRIREVWDFOHV
U  LI PLQU LV VPDOOHU FRPELQH HTXDWLRQ  WR VHW XS
UHSXOVLYHSRWHQWLDOWKHQH[WVWHSLVWRILJXUHRXWWKHWRWDOIRUFH
VHHQLQILJRWKHUZLVHGLUHFWO\FDOFXODWHWKHDWWUDFWLYHIRUFH
)LQDOO\ DFFRUGLQJ WR WKH PDJQLWXGH RI WKH IRUFH DGG DQ
FRUUHVSRQGLQJ RIIVHW WR UDQG[ DQG ILJXUH RXW SUDQG[  %\
PHDQV RI 3*6 IXQFWLRQ DQ RIIVHW DGGHG WR VDPSOLQJ SRLQW
RULHQWHGWRJRDOSRLQWVRWKDWORWVRIVFDWWHULQJVDPSOHVFRXOG
EHDYRLGHGRWKHUZLVHWKHJURZWKGLUHFWLRQRIWKHWUHHZRXOG
GHYLDWHWKHRSWLPDOSDWKDQGWKHSODQQLQJWLPHZRXOGLQFUHDVH
JUHDWO\
,9 (;3(5,0(175(68/76$1'$1$/<6,6
,Q WKLV VHFWLRQ ZH VLPXODWH 557 DQG 3*6557 RQ
0$7/$%WRFRPSDUHZKLFKLVEHWWHULQPRWLRQSODQQLQJ,Q
RUGHU WR FRQILUP WKH SHUIRUPDQFH RI 3*6557 WKH
SDUDPHWHUVDQGWKHFRQILJXUDWLRQVSDFHUHPDLQWKHVDPHEXW
VLQFH WKH VDPSOLQJEDVHG DOJRULWKP VKRZV GLYHUVH UHVXOWV
EHFDXVHRI LWV UDQGRPQHVV HDFKH[SHULPHQW QHHG WR UXQ 
WLPHVDQGWDNHWKHDYHUDJH7KHDWWUDFWLYHVFDOLQJIDFWRUV O LV
 DQG  WKH UHSXOVLYH VFDOLQJ IDFWRUV O LV U  7KH
H[SHULPHQWV FDQ EH GLYLGHG LQWR WKUHH JURXSV  LQ '
ZRUNVSDFH RI IRXU GLIIHUHQW VL]H  LQ ' ZRUNVSDFH 
DSSOLHGLQWRURERWLFDUP.8.$/%5LLZDLQ9UHS
)LJVKRZVWKHSODQQLQJRIWKHVHWZRPHWKRGV,WFDQEH
VHHQWKDWERWKWKHSURSRVHG3*6557DQG557ZHUHDEOH
WRREWDLQDSDWKIURPLQLWLDOSRLQWWRJRDOLQUHGOLQHEXW557
REYLRXVO\ QHHGV PRUH LWHUDWLRQV DQG UXQQLQJ WLPH
)XUWKHUPRUH )LJD LQGLFDWHV WKDW WKH VDPSOLQJ SRLQWV RI
557DUHVSUHDGWKURXJKRXWWKHZKROHVSDFHZKLFKUHVXOWVLQ
WKH QRGHV RI H[SORULQJ WUHH H[SDQGLQJ DURXQG FRQWUDULO\ LQ
)LJE WKHVDPSOLQJSRLQWVRI3*6557DUHFORVHWRJRDO
SRLQWEHFDXVHRIWKHLQIOXHQFHRISRWHQWLDODQGWKHSDWKLVPRUH
VPRRWK7KHWUDMHFWRU\RIURERWLFDUPXVHGWREHVPRRWKFXUYH
VR WKDW WKHPRYHPHQWVZLOOEHPRUHIOH[LEOHLIWKHDQJOHRI
WUDMHFWRU\ LV WRR ODUJH WKH URERWLF DUP ZRXOG JHW LQMXUHG
EHFDXVHWKHUH¶VQRWHQRXJKWLPHWRDGMXVWYHORFLW\
,Q RUGHU WR SURWUXGH WKH VXSHULRULW\ RI 3*6557 ZH
LQFUHDVH WKH VL]H RI ZRUNVSDFH WR  
DQGWKHH[SHULPHQWDOUHVXOWVDUHVKRZQLQ)LJ
DQG7DEOH,VXPPDULHVWKHVWDWLVWLFDOGDWDRILWHUDWLRQVDQG
UXQQLQJWLPH:HFDQILQGWKDWWKHDYHUDJHWLPHDQGLWHUDWLRQV
 
DOOEHFRPHODUJHUZLWKWKHVSDFHJHWELJJHULQERWKPHWKRGV
IXUWKHUPRUH LQ WKHIRXUGLIIHUHQWVSDFH WKHSHUIRUPDQFHRI
3*6557 LV DOO REYLRXV VXSHULRU WR 557 LQ WHUPVRI WKH
DYHUDJHWLPHDQGDYHUDJHLWHUDWLRQV
7$%/(,7KHLWHUDWLRQVDQGUXQQLQJWLPHRIZRUNVSDFH
(QYLURQPHQW 0HWKRGV $YHUDJH7LPHV
$YHUDJH
LWHUDWLRQV
'
557  
3*6557  
'
557  
3*6557  
'
557  
3*6557  
'
557  
3*6557  
)LJ   DQG  VKRZ WKH FRPSDULVRQ RI 557 DQG
3*6557 LQ VHDUFKLQJ SDWK LQ ODUJHU ZRUNVSDFH ZH FDQ
HDVLO\ REVHUYH WKDW WKH JUDSK EHFRPHV PRUH DQG PRUH
FRPSOLFDWHG DV VSDFH JHWV ODUJHU EXW LW¶V REYLRXV WKDW WKH
VDPSOHV3*6557QHHGVDUHOHVVWKDQ557LQDVDPHOHYHO
6LPLODUWR)LJVDPSOHVLQ)LJDDDQGDDUHIXOORI
VSDFH DQG H[SORULQJ WUHH JURZV HYHU\ZKHUH FRQWUDULO\
VD
PSOHVLQEVKDYHVKLIWHGDGLVWDQFHSRLQWLQJWRJRDO7KXV
WKHWDUJHWDUHDRIWUHH¶VJURZLQJLVPRUHVSHFLILFZKLFKZRXOG
OHDGWKHQRGHVWRVWHHULQVKRUWHUSDWKUDWKHUWKDQUDQGRPO\LQ
WKH ZKROH VSDFH 7DEOH , UHYHDOV WKH LWHUDWLRQV DQG UXQQLQJ
WLPHRIWKHVHWZRPHWKRGVLQIRXUZRUNVSDFHTXDQWLWDWLYHO\
:HFDQVHHWKDWZKHQWKHZRUNVSDFHLVVPDOOWKHGLIIHUHQFHRI
FRQVXPLQJWLPHEHWZHHQWKHVHWZRPHWKRGVLVQRPRUHWKDQ
 VHFRQG EXW ZKHQ WKH VSDFH EHFRPHV  WKH
UXQQLQJWLPHRI557VLVFORVHWRPLQXWHZKLFKLV
IDU PRUH WKDQ 3*6557V 7KLV SKHQRPHQRQ LV
HQRXJKWRLQGLFDWHWKHKLJKHIILFLHQF\RI3*6557
&RQVLGHULQJ WKDW WKH ZRUNLQJ VSDFH RI WKH URERW DUP LV
JHQHUDOO\LQ'VSDFHZHH[WHQGWKLVDOJRULWKPLQWR'VSDFH
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DQG557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SDSHULVJRLQJWREHDSSOLHGWRDVVLVWLYHUHKDELOLWDWLRQURERW
DQGLQWHJUDWHGV\VWHPZLOOEHFRQVWUXFWHGDQGPRUHFRPSOH[
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